Objective: Inhibition of matrix metalloproteinase-8 improves survival following cecal ligation and puncture in mice, making it a potential therapeutic target. In the current study, we expand our understanding of the role of matrix metalloproteinase-8 in sepsis by using an adoptive transfer approach and alternative sepsis models. Design: We used three different sepsis models: cecal ligation and puncture, cecal slurry, and intestinal implantation. In our first model, adoptive transfer experiments were followed by cecal ligation and puncture to test the hypothesis that matrix metalloproteinase-8-containing myeloid cells are a critical factor in sepsis following cecal ligation and puncture. Our second model, cecal slurry, used intraperitoneal injections of cecal contents to induce polymicrobial peritonitis without tissue compromise in the recipient. Our third model, intestinal implantation, involved ligating and puncturing a cecum from a donor, and then removing the cecum and placing it into the recipient's peritoneal cavity. Clinically, blood samples were drawn from pediatric patients within 24 hours of meeting criteria for septic shock. Setting: Basic science laboratory. Subjects: Wild type and genetically modified mice.
D
espite advances in modern medicine such as antibiotics and vaccines, the number of cases of severe sepsis in the United States continues to rise (1) . This continued increase underscores the need for novel therapeutic targets and an improved understanding of the complex processes involved in sepsis. We previously demonstrated that increased matrix metalloproteinase-8 (MMP8) mRNA expression and activity correlate with decreased survival and increased organ failure in pediatric patients with septic shock (2) . We corroborated these observations in a murine model by showing that genetic ablation or pharmacologic inhibition of MMP8 improves survival in sepsis induced by cecal ligation and puncture (CLP), thereby propagating interest in MMP8 as a therapeutic target for sepsis (2, 3).
MMP8 was originally known as a neutrophil product involved in collagen degradation (neutrophil collagenase), but has since been found to also play a role in neutrophil cell migration and chemotaxis, chemokine modulation, and cleavage of nonmatrix proteins (4) (5) (6) . MMP8 is found in numerous cell types including activated macrophages, smooth muscle cells, and endothelial cells (5) .
In follow-up to our previous studies, we investigated the source of MMP8, first by conducting adoptive transfer experiments to test the hypothesis that neutrophils are the key source of MMP8 in sepsis. Surprisingly, we found that following CLP, MMP8 null mice that received wild-type (WT) marrow had a survival advantage when compared with WT mice that received MMP8 null marrow. These findings indicate that MMP8-containing myeloid cells are not a critical factor in sepsis following CLP, and we conducted additional experiments to test the hypothesis that the intestine is an important source of MMP8 in sepsis following CLP.
METHODS

Murine Models
All aspects of this study complied with the Guide for the Care and Use of Laboratory Animals published by the U.S. National Institutes of Health (NIH Publication No. 85-23 revised 1996) and met approval of the Institutional Animal Care and Use Committee. MMP8 null mice on a C57BL/6 background were provided by Dr. Steven Shapiro, University of Pittsburgh. WT C57BL/6 mice were obtained from Charles Rivers Laboratories (Wilmington, MA). All mice were fed standard rodent chow and maintained on 12-hour light-dark cycles.
Adoptive Transfer
To generate chimeric mice via adoptive transfer, standard protocols from the Cincinnati Children's Research Foundation Comprehensive Mouse and Cancer Core facility were used for transfer of either WT (C57BL/6) bone marrow or MMP8 null bone marrow into irradiated WT or MMP8 null mice. Briefly, the protocol consisted of lethal irradiation of the recipient mice (split dose, 7 and 4.75 Gy, 4 hr apart), harvesting of bone marrow cells via flushing of femurs and tibias from donor mice and transfer of unfractionated bone marrow (10 7 cells per transfer) to recipient mice via tail vein injections.
Four weeks after recovery from the adoptive transfer procedure, these mice underwent CLP as previously described (7) . Briefly, mice were anesthetized, a midline laparotomy was performed, and the cecum was identified. A 6-0 silk suture was used to ligate the cecum to 30% of its original size, and two punctures were made through-and-through using a 21-gauge needle. A small amount of fecal content was expressed from each puncture site, and the cecum was returned to the abdominal cavity, which was closed in an interrupted fashion. The skin was closed using Gluture Tissue Adhesive (Abbott Laboratories, Abbott Park, IL), and mice received a 1-mL subcutaneous injection of normal saline for resuscitation. Animals were monitored for survival for up to 7 days.
Cecal Slurry
We adapted the cecal slurry method from Wynn et al (8) and prepared a fresh slurry for each experiment using three C57BL/6 female donors, 6-9 weeks old. Following euthanasia with Co 2 , a midline laparotomy was made and the cecum excised from each donor. The distal portion of the appendix was removed, and cecal contents were expressed from the most distal point and collected in a 50-mL sterile conical tube. Five percent dextrose (D5) was added to bring the stool concentration to 80 mg/mL. The solution was then vortexed and sonicated until all stool was in a homogeneous solution. The solution was then passed through a sterile 100-µm filter to capture any remaining large particles and ensure the solution passed through a 27-gauge needle.
Mice received an intraperitoneal injection of the cecal slurry at a dose of 0.8 mg/g via a 27-gauge needle. Control mice were injected with an equivalent volume of 5% dextrose. Following the cecal slurry injection, animals were monitored for survival (up to 7 d) or were euthanized at 18 hours for procurement of biological specimens.
Intraperitoneal Implantation of Donor Intestine
For each donor/recipient pair, the donor mouse was first anesthetized and a midline laparotomy made to adequately expose the cecum. Either cecum or distal small bowel was ligated with 6-0 silk suture proximally and distally and excised from the donor mouse. A lethal intracardiac injection of pentobarbital was then given to euthanize the donor. Two holes were then made with a 21-gauge needle in a throughand-through fashion in the excised intestine. The recipient mouse was then anesthetized, and a midline laparotomy was made to allow for the donor intestine to be placed into the peritoneal cavity. The abdomen was then closed in an interrupted fashion and the skin closed with Gluture Tissue Adhesive. A 1-mL subcutaneous injection of saline was used for resuscitation. Animals were either followed for survival (up to 7 days) or euthanized at 18 hours for procurement of biological specimens.
Ex Vivo Cecal Decay Donor mice were anesthetized and a midline laparotomy made to adequately expose the cecum. The cecum was ligated with 6-0 silk suture proximally and distally and removed from the donor mouse. A lethal intracardiac injection of pentobarbital was then given for euthanasia. Two holes were then made with a 21-gauge needle in a throughand-through fashion in the removed cecum. The cecums were placed into small tissue culture dishes with 3 mL of sterile phosphate buffered saline. The cecums were then placed in a 37°C incubator and removed at 0, 6, or 24 hours for processing.
Once removed from the phosphate buffered saline, excess stool was expressed from the cecums and discarded. Tissue was then processed using RIPA buffer and a rotator type tissue homogenizer. Protein levels were determined using Thermo Fisher Scientific Pierce Micro BCA Protein Assay Kit. MMP8 levels were measured using a Luminex multiplex system (Luminex Corporation, Austin, TX) according to manufacturer instructions. Levels were standardized to the amount of protein within the peritoneal lavage samples.
Cytokines
Blood samples were also collected at 18 hours in serum separator tubes. Serum was analyzed for interleukins 1β, 6, 10 (interleukin [IL]-1β, IL-6, and IL-10), macrophage inflammatory protein-1α, lipopolysaccharide-induced CXC chemokine, tumor necrosis factor (TNF)-α, and keratinocyte-derived chemokine using a Luminex multiplex system.
Patients and Clinical Samples
The clinical study protocol was approved by the institutional review board of each participating institution. The patient cohort (n = 68) was derived from an ongoing multicenter pediatric septic shock database, which has previously been described in detail (9) (10) (11) . Briefly, children admitted to the PICU meeting pediatric-specific criteria for septic shock were eligible for enrollment (12) . After informed consent from parents or legal guardians was obtained, blood samples were obtained as close to the time of meeting criteria for septic shock as possible (< 24 hr). Clinical data were collected through the first 7 days of PICU admission and used to classify the patients as having "primary intestinal pathology" (e.g., ruptured appendicitis, volvulus, bowel perforation, bowel obstruction, or intussusception) as the etiology for their sepsis. These subjects were matched 2:1 to other children with septic shock and no evidence of primary intestinal pathology. Matching was based on age and PERSEVERE-based mortality risk (13) . Plasma MMP8 concentrations were measured from samples representing day 1 of septic shock using a Luminex multiplex system as according to instructions from the manufacturer (2).
Data Analysis
Statistical analyses were conducted using SigmaStat Software (Systat Software, San Jose, CA). For survival analysis, a KaplanMeier log-rank survival analysis was used. Cytokine levels are described using means and error bars representing sd of n observations, where n represents the number of subjects in each group. Comparisons between the study groups used analysis of variance on ranks with Dunn's test for pairwise comparisons. MMP expression levels are described relative to the levels at t = 0 hours. Comparisons between groups at one time point were made using analysis of variance on ranks. p values of less than 0.05 were considered significant.
RESULTS
MMP8 Derived From Myeloid Cells Does Not Play a Role in CLP-Induced Sepsis
In our first of three animal models, we sought to determine whether the adoptive transfer procedure intrinsically affects the MMP8 null phenotype after CLP. WT and MMP8 null mice were transplanted with marrow from the same genotype Critical Care Medicine www.ccmjournal.org e203 and were monitored for survival following CLP. We observed a similar trend as that of our previous report in that MMP8 null mice transplanted with MMP8 null marrow have a survival advantage over WT mice transplanted with WT marrow following CLP (Fig. 1A) .
WT marrow was then transplanted into MMP8 null mice, and MMP8 null marrow was transplanted into WT mice. MMP8 null mice that received WT marrow had a survival advantage when compared with WT mice that received MMP8 null marrow (Fig. 1B) . These findings suggest that MMP8-containing myeloid cells are not a critical factor in sepsis following CLP.
MMP8 Does Not Contribute to Sepsis in a Peritonitis Model Without Tissue Injury
We then used a second model to test the hypothesis that injured cecum could be a source of MMP8 in CLP. To address this question, we used an intraperitoneal injection of cecal slurry, an alternative model of polymicrobial peritonitis. This model mimics the polymicrobial aspect of the CLP model, but lacks the cecal injury. Figure 2 demonstrates the survival curves for WT and MMP8 null mice following intraperitoneal injections with cecal slurry. Survival times did not significantly differ between the two groups. Thus, unlike polymicrobial peritonitis secondary to CLP, genetic ablation of MMP8 does not confer a survival advantage during polymicrobial peritonitis in the absence of cecal injury. Coupled with our other data, these data suggest that cecal-derived MMP8 may play an important role in the CLP model.
Intestine-Derived MMP8 Plays a Role in Peritonitis
Secondary to CLP Our third animal model was designed to further test the possibility that intestine-derived MMP8 plays a role in peritonitis secondary to CLP. We developed a model in which a cecum was extracted from a donor mouse, punctured, and implanted into the peritoneum of a recipient mouse. First, recipient mice underwent cecal implantation from donors of the same genotype (i.e., WT cecums into WT mice and MMP8 null cecums into MMP8 null mice). We found that the survival curve mimicked our original CLP survival curve and that MMP8 null mice had a survival advantage when compared with WT mice (Fig. 3A) .
Next, we implanted a cecum from the opposite genotype into the peritoneal cavity of the recipient mouse (i.e., WT cecums into MMP8 null mice and MMP8 null cecums into WT mice). WT mice that were implanted with an MMP8 null cecum had a survival advantage when compared with MMP8 mice that were implanted with a WT cecum (Fig. 3B) . Similar results were seen when implanting distal small bowel into recipient mice (Fig. 4) .
Taken together, these data show that implantation of WT intestinal tissue is more lethal than implantation of MMP8 null intestinal tissue, regardless of the recipient's genotype. These findings indicate that MMP8 derived from intestinal tissue may be a critical mediator of sepsis following CLP. A, The survival of WT mice following intraperitoneal implantation of either a WT or MMP8 null cecum. WT mice that received a MMP8 null cecum (MMP8 null into WT, n = 7) had a significant survival advantage over WT mice that received a WT cecum (WT into WT, n = 9, *p < 0.05). B, Survival of MMP8 null mice following implantation of a WT or MMP8 null cecum. Mice that received a MMP8 null cecum (MMP8 null into MMP8 null, n = 8) had a significant survival advantage when compared with those that received a WT cecum (WT into MMP8 null, n = 8, ***p < 0.001). Cytokine Expression After Cecal Implantation Demonstrates Greater Inflammatory Cytokine Production Following WT Intestinal Implantation Serum cytokine levels were increased 18 hours after implantation with either a WT or MMP8 null cecum. As shown in Figure 5 , serum IL-10, IL-1β, macrophage inflammatory protein -1α, and TNFα were significantly increased in mice that received WT cecums when compared with mice that received MMP8 null cecums, regardless of the recipient's genotype. No significant differences were seen between serum levels of keratinocyte-derived chemokine or lipopolysaccharideinduced CXC chemokine (not shown).
Ex Vivo Cecal Decay Finds That MMP8 Expression Is Sustained at Higher Rate Than Other Metalloproteinases
To further determine whether the intestine is a source of MMP8, we removed cecums from WT mice and placed them in an incubator at 37°C for 24 hours and measured MMP8 expression within the tissue at 0, 6, and 24 hours. Ex vivo experiments demonstrated that as the cecal tissue decays, MMP8 expression is sustained at a much higher rate than other metalloproteinases (Fig. 6) .
MMP8 Serum Concentrations Are Elevated in Patients With Septic Shock Secondary to Intestinal Pathology
Twenty-four pediatric subjects with septic shock were identified from the database as having primary intestinal pathology. These subjects were matched (1:2) based on age and PERSE-VERE-based mortality risk to 48 children with septic shock and no evidence of primary intestinal pathology (13) . Figure 7 shows that children with septic shock and primary intestinal pathology had significantly higher MMP8 serum concentrations than those without primary intestinal pathology.
DISCUSSION
The anatomic site of infection and associated tissue damage can influence the pathobiology of sepsis, with one recent report indicating that peritonitis associated with ischemic bowel has the highest mortality risk among patients with septic shock when compared with those having other anatomic sites of Critical Care Medicine www.ccmjournal.org e205 infection (14) . Previous experimental data by Ayala et al (15) demonstrated the importance of necrotic cecum in murine sepsis. Our adoptive transfer experiments not only corroborate that MMP8 plays an important role in the pathobiology of sepsis secondary to CLP-induced polymicrobial peritonitis but also indicate that myeloid cells are not the critical source of MMP8 in this model. Experiments involving intraperitoneal injection of a cecal slurry demonstrate that MMP8 does not play an important role in polymicrobial peritonitis without concomitant cecal injury.
In contrast, MMP8 null or WT mice that undergo intraperitoneal implantation of a punctured MMP8 null cecum have a survival advantage when compared with those that undergo intraperitoneal implantation of a punctured WT cecum. This effect seems generalizable to the intestine because intraperitoneal implantation of MMP8 null or WT distal small intestine leads to similar results. Ex vivo experiments indicate that MMP8 is expressed in the decaying cecum and that immunoreactive MMP8 is conserved for a relatively greater time than other metalloproteinases. Taken together, these experiments indicate that MMP8 plays an important role in polymicrobial peritonitis with concomitant intestinal injury and that the intestine is an important source of MMP8. Clinical relevance is suggested by the observation that children with septic shock and primary intestinal pathology have higher serum concentrations of MMP8 than age-and illness severity-matched children with septic shock but no evidence of primary intestinal pathology.
The precise mechanism by which intestine-derived MMP8 contributes to sepsis remains to be determined. Our current data suggest a mechanism involving increased inflammation because regardless of recipient genotype, intraperitoneal implantation of a WT cecum induces greater levels of inflammatory cytokines when compared with intraperitoneal implantation of a MMP8 null cecum. These data are consistent with our previous report that MMP8 null mice, or WT mice treated with an MMP8 inhibitor, have reduced expression of inflammatory cytokines in association with a survival advantage. In addition, we previously demonstrated that in vitro MMP8 stimulation of macrophages leads to nuclear factor-κB activation and inflammatory cytokine expression, indicating that MMP8 has intrinsic proinflammatory signaling properties (2) .
A mechanism linking MMP8 to increased inflammation and the pathobiology of sepsis is supported by previous studies indicating a proinflammatory role for MMP8. For example, in a murine model of TNFα-mediated hepatitis, MMP8 null animals have decreased neutrophil infiltration of the liver, reduced hepatocyte apoptosis, and are protected against liver failure when compared with WT mice (16) . Additionally, following injection of lipopolysaccharide (LPS) into subcutaneous air pouches, MMP8 null mice had reduced polymorphonuclear leukocytes infiltration when compared with WT mice (5) . Also, following intraperitoneal injections of LPS, administration of a MMP8 inhibitor results in decreased neuroinflammation when compared with animals that did not receive the inhibitor (17, 18) .
Conversely, some experimental models indicate an antiinflammatory role for MMP8. Murine studies have found that following pulmonary insults from intratracheal instillation of LPS, hypoxia, or bleomycin, it resulted in increased pulmonary neutrophil infiltration and lung injury in MMP8 null mice when compared with WT mice (4, 19, 20) . Similarly, following intraperitoneal injections of LPS, MMP8-deficient mice were found to have exacerbated lung injuries (21) . Thus, the pro-or anti-inflammatory role for MMP8 appears to depend on both the inflammatory stimulus and the anatomical compartment where the insult is initiated. Log-transformed serum matrix metalloproteinase (MMP)-8 protein concentrations in children with septic shock, with and without primary intestinal pathology. MMP8 serum protein concentrations were significantly higher in patients with primary intestinal pathology (n = 24) than age-and illness severity-matched patients without primary intestinal pathology (n = 48; p < 0.05).
We note some limitations of our study. First, although animal models of sepsis are useful research tools, the data should be interpreted cautiously given that mice have different inflammatory responses compared to humans and may introduce artifacts (22, 23) . Second, it is possible that our data are confounded by adaptations associated with chronic genetic ablation of MMP8. For example, a previous study reported that in a wound healing model, MMP8 null mice had increased expression of MMP9 within the wound tissue when compared with WT mice (24) .
MMP8 has been repeatedly identified as playing a role in inflammatory processes, which has led to interest in it as a therapeutic target (2, 11, 25) . MMP inhibition is currently being investigated as a therapy for pulmonary processes such as chronic obstructive pulmonary disease, acute lung injury, asthma, interstitial lung disease, and lung cancer (26, 27) . Previous failures with MMP inhibitors have been attributed to the lack of target specificity of the compounds and structural homology between MMPs (28, 29). Our findings indicate that the septic or inflammatory source may also be relevant to the role of MMP8. As the design of clinical therapies are further considered, the source of inflammation and of MMP8 will also need to be considered while ensuring that the therapy is specific enough to target MMP8 and minimize off target adverse effects (29) . Our current study indicates that targeting MMP8 as a therapeutic strategy in sepsis may not be applicable to sepsis generically, but may be applicable for abdominal sepsis associated with intestinal injury.
